Based on the reaction microscope at the institute of modern physics, the reaction mechanism in molecular ion-atom collisions is investigated experimentally. The features of this system is illustrated by a kinematically complete experiment performed for the collision process. Using the so-called list-mode data recording technique and the coincidence measurement, the momentum vector of each fragment from the molecular ion were recorded event by event. The orientation of the molecular axis for H 2 + dissociation reactions could be determined for each event in the off-line analysis. The measured orientation of the molecular ion is believed the same as the one at the instance of collision under axial recoil approximation. The polar angle resolution of the molecular orientation of ±8
I. INTRODUCTION
Ion-atom/molecule collisions are one of the most important tools for investigation of the internal structure of atoms/molecules as well as the dynamics of charge transfer. Traditional way of studying energy and momentum transfer in charge transfer collisions mainly focuses on the projectile such as energy gain/loss spectra or on the emitted electrons using the energy and momentum dispersive spectrometers such as electron spectroscopes. In spite of the high resolutions, energy gain/loss spectra and electron spectroscopes suffer from low detection efficiency and the lack of coincidence measurements. On the other hand, because of the small momentum transferred in the ion-atom/molecular collisions, the detection of recoil ions can be performed with a 4π solid angle, (the detection of recoil ions can be performed with a 4π solid angle because of the small momentum transferred in the ion-atom/molecular collisions) and represents a promising perspective. The final recoil-ion charge state and other reaction products were detected in the first generation experiments, which was suitable for the study of integrated cross sections of charge dependence. The determinations of the recoil-ion transverse and longitudinal momenta were achieved in the second generation experiments, which gave the differential cross sections dependent on im-pact parameters other than integrated ones, nevertheless its momentum resolution was restricted to only a few atomic units (a.u.). In last decade, kinematically complete experiments, monitoring simultaneously a few charged particles in momentum space, became available with the invention of reaction microscopes [1−3] , which brought a significant improvement in the ionization and capture reaction processes compared to the traditional recoil-ion detection methods. With this advanced technique, the information on the collision dynamics and the atomic/molecular structures can be extracted from the measured momenta of all charged collision products. In the latest version of the reaction microscope, a confining magnetic field for emitted electrons and the supersonic gas jet are implemented. A pair of Helmholtz coils is used to generate a homogenous magnetic field for the complete collection of electrons produced in collisions, and the electrons with energies below 100 eV can be efficiently detected within 4π solid angle. The gas source of the supersonic gas jet is mounted in a cold finger and is pre-cooled down to a temperature around 77 K with liquid nitrogen. With this pre-cooling technique the internal temperature of the helium gas can be finally cooled down from 10 K to 0.1 K, which allows the momentum resolution below 0.1 a.u.. Thus three dimensional momentum vectors of a few ions and electrons are measured with high momentum resolution and high detection efficiency in ion/electron/photonatom/molecule collisions [4−9] . Using the momentum and energy conversation laws, the reaction information thus can be extracted from the momentum spectra of fragments in final states in the reactions.
ployed to study reaction dynamics in molecular fragmentation in a collision [10] . The momentum of the charged fragments from dissociated molecules are measured in coincidence, therefore, it is possible to reconstruct the orientation of the molecular axis at the instance of collision. However, such an orientation experiment can not be performed with traditional methods. In the present work, the orientation experiment of hydrogen molecular ion impacting on helium was conducted using reaction microscopes to explore the reaction mechanism correlated with the structures of molecules. This will be helpful for further understanding of the basics of many-particle quantum dynamics in atomic and molecular fragmentation. In this work, we mainly focuses on the reconstruction of molecular orientation at the instance of collision.
II. EXPERIMENTS
A reaction microscope was built on the 320 kV platform for research with highly charged ions at the institute of modern physics (IMP) [11] . The principle of momentum imaging in ion-atom collisions is shown in Fig.1 . Briefly, the molecular ion beam was delivered by an electron cyclotron resonance ion source (ECR source). The molecular ions were accelerated to desired energies by an electrostatic acceleration tube after the ECR source. After beam collimation the ions entered the interaction chamber through a 0.5 mm diameter hole and crossed the cold localized gas-jet target at the center of the chamber. The outgoing projectiles were charge-state selected by an electrostatic field, the neutral and the charged particles produced in the collision were directed to different positions on the projectile detector downstream, while the primary beam was directed into a Faraday cup. The ejected electrons and the recoil ions produced in target ionization were extracted and accelerated by a 3 V/cm electric field from the interaction region, and then they were projected onto the timing and position sensitive detectors at opposite position, respectively. In order to achieve a high acceptance together with a good resolution for both electrons and recoil-ions in coincidence, a weak homogenous magnetic field (generated by a pair of large Helmholtz coils) was superimposed along the spectrometer axis effectively confining the electron motion in space and guiding most of the electrons to the electron detector. The target gas was cooled by a supersonic gas jet, with pre-cooling by liquid nitrogen, to a few Kelvin degrees. The implementation of cold supersonic gas-jet targets allows the recoil-momentum resolution below 0.2 a.u. compared to the spread of the helium momentum to 3.7 a.u. at room temperature, which can be viewed as the most important ingredient of the reaction microscopes [12] . Using fast timing-technique the momentum vectors of all charged fragments can be determined. In fact, the molecular ions from the ECR source are randomly orientated. However, since the individual orientations in each collision are measured in the list mode, one can select the specific orientation in the data analysis step, and accumulate the spectrum from different events to a sufficient statistical level. The collision dynamics and structure-related interaction can thus be studied with the molecular axis fixed-in-space. In the following, the principle of the orientation determination will be discussed.
From the x and z position coordinates on the detector, and the time of flight t in the y direction, the final momentum components (p 
where F (q i ) is the electric force on the fragment with a mass m i and charge state q i at the interaction site. x 0 , y 0 , and z 0 are the interaction point projected on the detector. Considering the change of the projectile momentum a group of Eqs. (4)−(6) can be thus figured out by applying the momentum conservation law in three directions. In the equations, ∆p x-ini , ∆p y-ini and ∆p z-ini are the initial momenta of the molecular mass center transferred from the projectile. Nevertheless, this momentum is typically small compared to the momentum from the Coulomb fragmentation and can be neglected in first order approximation [13] . The orientation of the initial molecule can be derived from the measured momentum components in the axial recoil approximation [14] .
To test the system, we investigated the fragmentation of H 2 + collision with helium in an inverse kinematic frame, where the projectile detectors were used for the imaging of the orientation of the molecular ion axis at the instance of the collision. There are three reaction channels resulting into molecular fragmentation:
From energy and momentum conservation laws, the longitudinal momentum of the target atom in the collision follows:
where v p is the projectile velocity, Q is the inelasticity of the reaction (Q-value), i.e. the change in the total internal energies of the projectile and of the target, n T is the number of electrons ionized from the target, E ej is the jth electron energy. Since all the momentum vectors of the fragments are confirmed in our experiments, the Q-value thus can be obtained from the longitudinal momentum of the targets. And the final electronic state of the molecular ion before dissociation breakup can be deduced from this Q-value. The transversal momentum of the target can be written as:
Where P ⊥P is the projectile transverse momentum resulting from the collision, it reveals the information of impact parameter b.
III. RESULTS AND DISCUSSION
In the following, we take reaction channel Eq. (7) as an example to analyze the molecular axis fixed-in-space. The hydrogen molecular ion dissociates into a neutral hydrogen atom and a proton after the collision, and the target helium atom is simultaneously singly ionized. According to the axial recoil approximation, which will be discussed in the following, the dissociating fragments keep the information of the orientation of the molecular ion at the instance of collision. In our experiment, the set-up was well organized so that the dissociated fragments of the molecular ion can be collected with a 4π solid angle without losing position resolution of the projectile detector. In fact, the two dissociated fragments reached the projectile detector within one hundred nano-seconds because of the high beam velocity. Two individual projectile detectors were employed for the detection of the neutrals and the protons, respectively, to avoid the dead time of the micro-channel-plate (MCP). Because the data were recorded in coincidence, the molecular orientation can be reconstructed off-line from the timing and position information of the two projectile fragments. Meanwhile, the ionized electron and the recoil were collected by the reaction microscope, and their initial momentum vectors were determined as mentioned above.
A magnetic field, instead of the electrostatic field, is employed to separate the dissociated proton and hydrogen atom when the projectile ions are of high velocities. However, such a replacement makes the molecular orientation reconstruction complicated. Different from electrostatic deflection, within the magnetic field the acceleration of the charged particles is not a constant any more, neither the absolute value nor the direction, which means the charged particles are rotated around different centers according to different particle velocities. Fortunately, in the dissociation channel the momentum of the hydrogen atoms are not affected when passing through the magnetic field. Therefore, the momentum of the hydrogen atom can be used to correct the direction of the proton momentum. Figure 2 (a) shows a two-dimensional spectrum of the correlations of the x coordinates of the neutrals versus the protons. The true events were scattered along the diagonal line, indicating that the two fragments are emitted in opposite direction (back-to-back emission) because of the two body dissociation. This phenomenon could also be seen in the y coordinates spectrum. In our case the mass of the two fragments are the same, thus the sum of their x positions of the proton and the neutral on the projectile detectors must equal to a constant around zero as shown in Fig.2(b) . In an ideal case, the position sum of the two fragments indicates the momentum transferred from projectile to the recoil in x direction from Eq.(4) (the same results can be obtained for y and z coordinates too). However, the beam profile can not be neglected in the transversal plane, and this figure also contains information of the beam profile as we employed molecular ion as the projectile. Because of the small momentum transfer in the atomic collisions, Fig.2(b) actually shows the profile of the projectile beam, and it explains the asymmetric structure in Fig.2(b) .
The molecular orientation is defined as follows in this work: the polar angle is the angle between molecular axis and beam direction (z direction in Fig.1 ), while the azimuth is the angle between the projection of the molecular axis and the x-axis in the xy-plane. Figure 3 shows the projected imaging of the dissociated sphere in the xy-plane. Here the maximum intensity locates at the center because the molecular ions from the ECR source are randomly oriented, as shown in Fig.3(a) . Its projection to x/y axis satisfies the cosine distribution (see Fig.3(c) ). The kinetic energy release (KER) in the dissociation can be obtained from the measured threemomentum components of the fragments. If we set a condition to KER, for example, larger than 8 eV, due to the spherical shell projection, a ring shape in density plot is produced in the xy-plane as shown in Fig.3 (b) and (d).
The determination of the orientation of the molecular axis can be performed in the data analysis, which is of essential importance in the imaging technique. The two fragments are emitted in back-to-back due to the two-body dissociation. As an illustration, if we only select the protons emitted in the azimuth angle ranging from 0
• to 60 • , the dissociated H-atom should be found in the azimuth angle between 180
• to 240
• in the xy plane. The experimental results in Fig.4 show the exact case as discussed. In this figure, the x-and y-axes are the positions of the protons and the neutrals on the projectile detectors. Thus one can select the molecular axis in space to study the orientation dependence in the off-line data evaluation.
In the collision, if we treat the diatomic molecule as a rotating dumbbell composed of two point masses of a distance R, its rotational energy is given by
where ω 0 is the initial angular velocity of the molecular ion, and I 0 is its moment of inertia. Taking the rotational temperature of the gas to be 300 K, the maximum rotation angle of the molecular axis due to the flight time from the collision point to the detector can be written as Eq. (13), by neglecting other aspects which can contribute to the rotational angle [15] .
where E c is the Coulomb potential energy, E ω is the rotational energy, R 0 is the initial nuclear distance of the molecular ion, and q is the charge of the fragment. In our case, R 0 =1, q=1, E c =0.2, E ω =0.001 (with atomic units, m e =e= =1), we finally get ∆ϕ=0.11 rad=6.3 • , which is sufficiently accurate to account for the data in our work. From the momentum vectors of the dissociated protons and H-atoms, a ±8
• angular resolution was obtained in our experiment as shown in Fig.4(b) .
IV. CONCLUSION
In summary, the reaction microscope is a versatile and powerful tool to explore the structure and dynamics related to the dissociation of molecules in collision processes. 4π solid angle measurements have been achieved for all the charged fragments of a molecule based on the reaction microscope at IMP. The KER of the molecule dissociation was obtained from the measured momenta. The orientation of the molecular axis at the instant of interaction was determined in H 2 + on helium collisions. The angular resolution for the molecular orientation at present is ±8
• . Moreover, the molecular dissociation pathways may be determined from the measured KER. • and 60 • , the neutral found scattered in opposite directions between 180
• and 240
• correspondingly. (b) the emission angle between the dissociated fragments: the proton and the hydrogen atom, which indicates the angular resolution of our system, the uncertainty is ±8
• . The black line is the experimental results, the red line is the Gaussian fitting. For interpretation of the color in this figure legend, the reader can refer to the web version of this article.
